This paper proposes a method for estimating rainfall rate from ground-based radar observationsin eastern Tibet. Firstly, the radar reflectivity-rain rate (Z-R) relationship is derived by regression analysis using the hourly data of a single rain gauge located near the radar and the corresponding radar reflectivity over a period of more than two months. Two different relationships are obtained for stratiformand convective rain types. Secondly, an automated convective-stratiform rain classification methodis introduced that uses the horizontal radar echo structure to identify convective regions and classifies the remainder as stratiform areas. The classification algorithm is verified against visual inspections of horizontal and vertical radar echo structures. Finally, the rain rate is estimated from the radar reflectivity for the rain gauge site using the derived Z-R relationships and the rain type information produced by the classification algorithm. The comparison of the estimation and the gauge data suggests good accuracy.
INTRODUCTION
The Global Energy and Water Cycle Experiment (GEWEX) Asian Monsoon Experiment (GAME)-Tibet project was conducted to clarify the land surface-atmosphere interactions over the Tibetan Plateau in the context of the Asian monsoon system1). In GAME-Tibet, extensive field works were conducted in the Naqu basin in eastern Tibet (known as the meso-scale experimental area) in September 1997 for the Preliminary Observation Period (POP) and from May to September 1998 for the Intensive Observation Period (IOP)2).
One of the key issues of GAME-Tibet is the hydrological analysis of land surface processes by employing a distributed hydrological model coupled with a land surface scheme. For such a study, the quantitative evaluation of spatially-and temporallydistributed rainfall is of fundamental importance. A precipitation gauge network (PGN) 3) was installed during GAME-Tibet in order to provide hourly measurements of rainfall and snowfall over the meso-scale experimental area. Rain gauges measure rainfall directly, but only at the location of the instrument, and thus they do not provide information on the distribution of rain with sufficient resolution for the intended hydrological analysis4). The X-band Doppler radar of the National Space Development Agency of Japan (NASDA) was deployed during GAME-Tibet to provide radar reflectivity data of high spatial resolution in order to be able to obtain rain distribution patterns and areal rainfall amounts over the area of interest5). Radar reflectivity (echo) Z is related physically (through Rayleigh scattering theory) to rainfall rate R via the raindrop size distribution6). However, there are many uncertainties in estimating rain rate using radar reflectivity (e.g., the distant position of the radar beam above the surface, anomalous propagation echoes, the natural variability in the rain drop size distribution, various issues to do with the beam geometry, attenuation of the echo, and random error in the reflectivity measurement, etc.). Therefore, the only viable way to quantitatively evaluate rain is to combine radar and rain gauge information. The rain gauge data are used to calibrate the radar reflectivity in the vicinity of the gauge for identifying the radar the stratiform cloud. Accordingly, the horizontal images of the radar echo for each rain event recorded by the DFSG were visually inspected and the echo type at the site of DFSG was identified, if it was clear from the horizontal structure. Otherwise, the vertical cross-sections in the west-east and north-south directions were also examined. Consequently, the ensemble A data were sorted (Figure 3 ), suggesting a different Z-R relationship for each rain type. The respective regression curves were obtained for stratiform rain as: (3) and for convective rain as: (4) The root mean square errors (RMSE) and mean bias errors (MBE) were calculated by:
where P is the predicted rain rate by the derived relationships, O is the observed, and N is the number of data pairs. The errors are listed in Table  1 . The RMSE and the MBE are of the order of tenths of mm h-1 for both the convective and the stratiform relationships, showing a sufficient accuracy of prediction. The RMSE of the stratiform relationship is higher than the RMSE of the convective one, indicating that a bigger error in rain rate estimation can be expected for the stratiform rainfall.
The bias errors signal a small underestimation in the rain rate by both the convective and the stratiform relationships. Table 1 The RMSE and the MBE of the regression relationships (3) and (4). The errors are calculated considering the matched data only.
The mutual relationship between the stratiform and the convective relationships is very interesting. Usually, the same reflectivity corresponds to a higher rate in the case of convective rain and a lower rate in the case of stratiform rain, while for Tibet, we obtained the opposite relationship. This unusual feature is perhaps caused by the fact that the melting layer of the stratiform clouds occurs at a relatively low elevation above the surface due to the high altitude of the Tibetan Plateau. The radar beam thus looks at the snow particles, which are 3) Surrounding area: For each pixel identified as a convective core, all of the surrounding pixels within an intensity-dependent convective radius around that pixel are also classified as being part of the convective area. The convective radius is given by where dc is the convective radius in km and INT(x) indicates the conversion of argument x to an integer by truncation.
VALIDATION
In this section, the methodology for the estimation of rain rate using the radar reflectivity observations described in Sections 3 and 4 is validated for the DFSG site.
Firstly, the RCA was applied to the 2-D GAME-Tibet IOP radar reflectivity data with a 10-min. temporal resolution. The results are averaged for an hourly classification so that the prevailing echo type within a particular hour is prescribed as a characteristic type for that hour. If the frequency of convective and stratiform echoes within a particular hour is the same, a stratiform echo is identified during the nighttime (20:00-06:00 local time) and a convective echo during the daytime (07:00-19:00 local time) in accordance with the findings of Ueno et al.3) . The results of the RCA for the DFSG site correspond well with the visual inspection of the radar echo structure. The agreement in echo type identification was in 82% of all of the data of the ensemble A.
The rain rate was then estimated for the DFSG site using the derived Z-R relationships (3) and (4) according to the classification by the RCA. Thus, the estimation includes both the error introduced by the RCA and the error in the Z-R relationship. The estimated rain rates are verified against the observation of the DFSG in Figure 4a . The circles in the chart are located closely along the identity line, which suggests a good accuracy of the method. The higher density of the circles above the identity line indicates a negative bias (underestimation).
The results were also examined on a daily time-scale basis. The daily totals of rain estimates were compared with the daily totals of the observed rain rates (Figure 4b result of slightly different timing of radar and gauge observations, which is removed by integrating over a day. Table 2 The RMSE, the MBE (both in mm h-1 or mm day-1), and the CC of the rain estimation method for the hourly and daily time scales, respectively.
The RMSE, the MBE, and the correlation coefficient (CC) were calculated for both hourly and daily time scales in order to evaluate the accuracy of the proposed methodology. The RMSE and the MBE are given by Eqs. (5) and (6), and the CC was calculated by:
The errors and the CC were calculated considering only the matched data and are listed in Table 2 .
The hourly time-scale RMSE and MBE are higher than the errors of the regression Z-R relationship identified in Section 3. This error increment is introduced by the RCA due to the false identification of the echo type. The error increment is obvious, especially in the case of the MBE, in which the signal again systematically underestimates the rainfall. Since the stratiform rain is usually stronger than the convective rain in the Naqu basin, the increment of the negative bias indicates that cases when stratiform rain is falsely identified as convective occur more often than the opposite false classification (convective classified as stratiform). This is consistent with the fact that stratiform rain occurred much more often during the examination period. The CC is relatively high, which suggests a good agreement with the observations. Also, the low absolute values of the errors signal sufficient accuracy in the estimation.
The daily time-scale RMSE and MBE exhibi similar patterns as the hourly time-scale errors. The CC is higher, which suggests that the accuracy increases when the results are integrated over a longer period. This tendency is confirmed by comparing the totals of the estimated rainfall (Retot= 317mm) and the observed rainfall (Rotot=356mm) over the whole of the period examined. These total values indicate that the error in the long-term rainfall accumulation estimation is about 11%.
CONCLUSIONS
This paper presented the methodology for the estimation of rain rate in the GAME-Tibet meso-scale experiment area using ground-based radar observations. The technique was developed for a single site near the radar with the intention that it could be extended to the whole of the area of the radar range.
The method included the derivation of the Z-R relationship from radar and reference rain gauge data over a period of more than 2 months (June-August). Two different relationships were obtained by regression analysis, referring to convective and stratiform rain types.
Since the application of the Z-R relationship is conditional on the knowledge of the rain type, an automated radar echo classification algorithm was introduced to make the methodology applicable for large areal datasets. The algorithm is based on the intensity and sharpness of the maxima in the horizontal patterns of reflectivity.
The methodology was tested for the reference gauge site. The classification algorithm was run for the whole of the period examined. Following the classification procedure, the Z-R relationship corresponding to the rain type was used to estimate the rain rate. The rain estimates calculated in that way were compared with the observation of the reference rain gauge for the hourly and daily time scales. The comparison indicated that the method is sufficiently accurate. Therefore, we suggest that the proposed method may be applicable to the whole of the area of the GAME-Tibet radar coverage by introducing further information, especially the radar attenuation correction and calibration using other rain gauges within the area.
